Ionogels are a new class of hybrid materials where ionic liquids are immobilized by macromolecular support. The excessive amount of crosslinking polymer enhances the mechanical strength but compromises the conductivity. Here, we report an elastomeric magnetorheological (MR) ionogel with an enhanced conductivity and mechanical strength as well. Following the application of magnetic nanoparticles into an ionic liquid containing minimum cross-linking agent, the formation, thus physical properties, of MR ionogels are co-controlled by simultaneously applied UV light and external magnetic field. The application of MR ionogels as solid electrolytes in supercapacitors is also demonstrated to study electrochemical performance. This work opens a new avenue to synthesize robust ionogels with the desired conductivity and controllable mechanical properties for soft flexible electronic devices. Besides, as a new class of conductive MR elastomers, the proposed MR ionogel also possesses the potential for engineering applications, such as sensors and actuators.
Introduction
The use of ionogels as solid electrolytes eliminates the concerns associated with liquid electrolytes while maintaining the physiochemical properties of ionic liquids: negligible vapor pressure, non-flammability, chemical and electrochemical stability, and high conductivity [1] [2] [3] [4] [5] .
Thus, they have generated extensive interest among novel electronic devices. The development of ionogels leads to a new generation of high performance solid state electrolyte [6] . The preparation of ionogels has been extensively investigated [6] [7] [8] [9] . They have demonstrated their applications in solar cells [10] , fuel cells [11] , batteries [12] , transistors [13] and electrochemical double layer capacitors [14] .
Highly conductive ionogels can be fabricated using different strategies. Ueno et al. proposed mixing silica nanoparticles with ionic liquids (ILs) [15, 16] , and the increased content of silica led to gelation eliminating the mixture's ability to flow. However, this ionogel only exhibited a solid-like rheological response, rather than retaining a defined shape, and turned into flakes at even higher content of silica nanoparticles. The conductivity dramatically decreased at this gelled state which limited the application in electrochemical devices [15] . Fukushima et al. [17] proposed grinding carbon nanotubes with imidazolium ion-based ILs. Despite being highly conductive, these bulky gels were merely viscous paste. Even using a polymerizable IL, their mechanical properties were still not satisfactory, as evidenced by an obvious decrease in modulus at a small strain deformation amplitude. In order to generate solid free-standing ionogels with acceptable mechanical strength, different fabrication methods have been proposed, including self-assembly of di-block or tri-block copolymers [18] [19] [20] , UV or thermal-initiated free radical polymerization [21] [22] [23] , and sol-gel silica formation [24] . The use of excessive amount of solid support enhances the mechanical strength but compromises the conductivity [25] .
Balancing the conductivity and mechanical strength is a critical task in designing highperformance ionogels [26, 27] .
Here, we report on utilizing magnetorheology (MR) to generate a novel elastomeric magnetorheological (MR) ionogel with enhanced conductivity and mechanical modulus. The MR effect refers to the reversible formation of orderly alignments of magnetic sensitive micro/nanoparticles dispersed in MR fluids upon the application of an external magnetic field, which leads to significant manipulation of mechanical strength [28] [29] [30] . In this study, a solid MR ionogel was prepared by applying a magnetic field and a UV light source simultaneously to a fluid containing silica coated magnetic nanoparticles and an ionic liquid with photo-initiated polymerizable agent.
A controllable alignment of the chain-like structure was formed under the magnetic field, and was stabilized by illumination of UV light in the MR ionogel. The mechanical and conductive properties of the formed MR ionogels can be tuned by the applied magnetic fields. Unlike conventional MR fluids, this solidification process is irreversible. Even after the magnetic field is removed, the MR ionogel cannot return to its original liquid state, as the solid structure has been permanently generated during the UV crosslinking process. The alignment structure of magnetic nanoparticles exhibiting sound response to external magnetic field plays the role of solid support without undermining performance of conductive components. The application of this MR ionogel in supercapacitors is also demonstrated. This work opens a new avenue to synthesize robust ionogels with high conductivity and controllable mechanical properties for soft flexible electronic devices. As a new class of novel conductive Magneto-rheological elastomers (MREs), this MR ionogel may also find potential applications in sensors and actuators.
Experimental
Fabrication of MR ionogel samples: The chemicals used in the fabrication of MR ionogel include silica coated iron oxide nanoparticles together with PEGDA (Polyethylene (glycol) Diacrylate Mn=700 Sigma-Aldrich, US), HOMPP (2-Hydroxy-2-methylpropiophenone ≧97% Sigma-Aldrich, US), EMITFSI (1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ≧98% HPLC Sigma-Aldrich, US) and PEO (Polyethylene Oxide Mv=4,000,000, powder SigmaAldrich, US).
Base ionogel/or ionogel A was generated by mixing 8 wt % of PEGDA, 3 wt% of HOMPP with EMITFSI, and Ionogel B and C were fabricated with addition of PEO, 1 wt %and 3 wt%, respectively. The weight ratios were with respect to EMITFSI. The precursors were exposed to a UV light source (6000 mW/cm2) for 10 minutes for the solidification.
The MR ionogels samples were generated by adding 10 wt % of silica coated iron oxide nanoparticles into ionogel A, B and C precursors to obtain MR ionogel A0, B0 and C0. The mixtures were cured under both a UV light source (6000 mW/cm2) and a magnetic field of 60 mT, 120 mT or 240 mT for an hour to obtain the MR ionogels A60, A120 and A240, MR ionogel B60, B120 and B240, MR ionogel C60, C120 and C240. A table summarizing the composition and preparation condition is included in supporting information (Table S1 ).
Optical observation: A Leica M205A optical microscopy was used to observe the microstructure of MR ionogel samples at a magnification rate of 200.
Rheological experiments:
Steady shear tests and dynamic oscillatory shear tests were carried out using an Anton Parr MCR 301 rheometer with a parallel plate configuration. An external magnetic field of the desired intensity was applied to the samples for two minutes before the test to ensure that the MR ionogels were fully activated. A strain deformation was then applied to the samples and increased logarithmically from 0.001% to 1000%; the magnetic field remained active during the shearing process.
Ionic conductivity measurement:
The ionic conductivity of ionogel matrix or MR ionogels were determined with AC impedance using a Gamry EIS 3000 system in the frequency range of 0.01 Hz to 10 kHz. These samples (20 mm diameter disc, 1 mm thickness) were sandwiched between two quadrilateral gold mylar electrodes. A field-on conductivity test was also carried out with a pair of permanent magnets placed on both sides of samples providing constant field strength of 100 mT. 
Assembly of supercapacitors

Electrochemical characterizations:
The CV tests of the supercapacitors were conducted from 0.0-3.0 V using a CHI 604D electrochemical analyzer (CHI Instruments) at a scan rate of 50 mV/s. The galvanostatic charge/discharge tests were performed using a LAND CT2001A battery test system at a potential window of 0.005-3.000 V.
Results and Discussion
Magnetic properties and an absence of redox activity are the essential requirements for the nanoparticles used to generate MR based electrolytes. The dispersible magnetic particles, Fe3O4 coated with a layer of silica were used in this work (FigureS1 of supporting information). This silica layer improved the dispersion stability of the magnetic nanoparticles in the IL [31] . It also insulated the redox activity of the Fe3O4 nanoparticles, as demonstrated in our previous report [32] .
To obtain MR ionogel, the silica coated magnetic particles were introduced to a widely-studied base ionogel to form a reinforced structure. The fabrication process of MR ionogel is presented in Figure 1a , where a precursor liquid which contained the matrix of base ionogel and magnetic particles (as described in the experiment part) were placed between a pair of electromagnets and UV light source. The magnetic structure transforms from a random distribution to an orderly alignment upon the application of an external magnetic field and is stabilized by the illumination of UV light, as illustrated in the schematic structure of MR ionogel (Figure 1b) . A typical base ionogel without magnetic particles is presented in Figure 1c as a free standing flexible and transparent film. As a comparison, a newly synthesized MR ionogel is shown in Figure 1d To investigate the effect of polymer addition on the structure of MR ionogel, ionogels A, B and C were prepared from the base matrix of ionogels with 0%, 1% and 3% of PEO addition.
The rheological properties of ionogel matrix samples A, B and C were revealed through steady shear (a), dynamic strain sweep (b), dynamic frequency sweep from 0.01-200 rad/s at constant strain of 1% (c) and 10% (d) are shown in Figure S2 (Supporting Information). Ionogel A and B displayed quite similar rheological properties, until an observable reduction in shear stress and shear modulus was revealed for Ionogel C, indicating a threshold value where PEO addition starts to affect the properties of the samples. As expected [33, 34] , the initial shear stress was decreased and the ratio between loss modulus (G") and storage modulus (G') was increased with the increased amount of polymer, which demonstrates that high content of polymer leads to a softer and more flexible ionogel due to growing possibility of polymer chain recoil [35] .
MR ionogel A0, B0 and C0 were generated by adding 10 wt % of silica coated iron oxide nanoparticles into ionogel A, B and C absence of external magnetic field. More MR ionogel samples were cured under both a UV light source and a magnetic field of 60 mT, 120 mT or 240 mT for an hour to obtain the MR ionogels A60, A120 and A240, MR ionogels B60, B120 and B240, MR ionogels C60, C120 and C240, respectively. The rheological behavior of these MR ionogel samples and the effect from the magnetic field may be explained by the permanent formation of dipolar magnetic nanoparticles in the fabrication process. When no magnetic field is applied, the magnetic nanoparticles distribute randomly in the ionogel network scaffold, contributing minimum variation to the overall mechanical properties. Under an applied external magnetic field, the magnetic nanoparticles acquire magnetic moment that competes against the thermal fluctuation interacting with the base ionogel matrix, which results in the directionally ordered alignments. As the strength of external magnetic field increases, the involvement of magnetic nanoparticles in the field-induced structure increases as well. As a result, the shear stress reaches a maximum value. The increased stress difference with respect to the increased polymer content can be attributed to the increased resistance of polymer network against the magnetic force, leading to delay in shear stress saturation. The affinity to the internal structural variation and rheological properties ensures customizable property of the proposed MR ionogel.
Beside the significant manipulation of the physical properties of MR ionogel, the established orderly alignments of silica coated iron oxide nanoparticles also give a new feature to these MR c ionogels, MR effect, where magnetic nanoparticles bind more closely with each other under escalating external magnetic field, and more force is required to twist or deform them.
As presented in Figure 3a The ascending trend of the scaling parameter for anisotropic MR ionogel samples occurs because the orderly alignments lead to a maximum resistance to external deformation, while the random orientation of magnetic particles in isotropic MR ionogel samples leads to some cancellation effects that weakens the effect of magnetic field. Moreover, the more pronounced MR effect with respect to an increased amount of polymer shows that MR ionogels based on a softer and more flexible ionogel matrix exhibit a better adoption of the magnetic particle structures within the 
ionic conductivity of MR ionogel and neat ionogel matrix samples
The ionic conductivity for all these MR ionogel samples is summarized in Table 1 The increase in ionic conductivity with increase in magnetic field establishes the interdependency between conductivity and dipolar magnetic alignment in these MR ionogel samples. When a curing magnetic field is not applied or at small amplitude, there exists a similarity between the directional magnetic force leading to an orderly alignment and a thermal force favoring a random orientation of magnetic particles. Consequently, most magnetic particles end up drifting in the ionogel matrix. Such randomness in the microstructure hinders the charge carriers transporting and reduces the conductivity [34] . As the magnetic field increases, the magnetic force gradually regulates the orientation of magnetic particles during the fabrication process and more magnetic particles are incorporated into the orderly alignments forming a smoother pathway for charge carriers' transport, which results in an increase in conductivity [26] .
When the external magnetic field is large enough, all the magnetic particles are adopted in alignments and conductivity reaches saturation. The delayed saturation in conductivity with respect to increasing PEO content may be attributed to the increased resistance of polymer network competing against the magnetic force that slows down the process of alignment formation. The field controllable conductivity of MR ionogel, is in accordance with its mechanical evolution at the external magnetic field. This unique feature not only allows us to conveniently customize the conductivity of MR ionogel for specific applications, but also suggests a feasible method of generating electrolyte with simultaneously improved mechanical strength. A diagram is provided in Figure 4g , which illustrate the mechanism of enhancing the mechanical properties and conductivity of MR ionogels. The conductivity test was also repeated under an external magnetic field of 100mT. A similar conductivity was obtained as that without magnetic field (Table S2) , which ensures that the MR ionogel could still function properly as an electrolyte upon application of a magnetic field.
Till now, it has been clearly demonstrated that the mechanical properties and ionic conductivity of MR ionogels define affinity to an external magnetic field. The potential application of such solid electrolyte material was studied in supercapacitors.
Cyclic voltammograms (CVs) of the supercapacitors, using MR ionogel electrolyte and commercial active carbon electrodes, generated at different magnetic fields (0 mT, 150 mT and 300 mT) with and without an external magnetic field at a scan rate of 50 mV/s are shown in The charge/discharge curves of our supercapacitor showed nearly symmetrical triangular shapes from 0 to 3V at all the applied current densities, indicative of the good ionic conductivity and stability of the MR ionogel electrolyte. The specific capacitance (Csp) of the device can be calculated in F/g from the discharge curves using Equation 2 [36] .
where I is the discharge current in A, Δt is the discharge time in s, and m is the total mass of the active material (activated carbon) on both electrodes in g, ΔV is the potential window in V. The resultant specific capacitance is listed in Table S3 . At the same current density, these supercapacitors using MR ionogels fabricated at different magnitudes of magnetic field all show similar Csp, indicating that the improved mechanical modulus of MR ionogels formed at high magnetic field due to the formation of internal alignment did not affect the ionic conductivity.
These supercapacitors also show a good rate performance. Taking MR ionogel A0 as an example, the highest Csp of 40.6 F/g has been delivered at a current density of 0.2 A/g, while it can still deliver a relatively large capacitance of 22.4 F/g at 1 A/g, and 15.4 F/g at 2 A/g. These results may suggest that these MR ionogels could perform reasonably in supercapacitors under fast charge/discharge conditions. The performance of different supercapacitors over 100 cycles using A0, A150 and A300 as an electrolyte at a high current density of 1A/g are shown in Figure 6g 
Conclusions
In summary, a magneto-rheological ionogel (MR ionogel) is developed by building a magnetic field controlled structure in a UV cross-linkable matrix. The planting of structured magnetic nanoparticles in the matrix ensures the formation of a freestanding MR ionogel film with an ultra-high ionic liquid fraction (up to 88 wt%) and sound mechanical properties following the fortifying effect of field induced magnetic microstructure, as well as an obvious MR effect upon a magnetic field. It reveals a feasible way to develop a novel multifunctional ionogel with precisely customized physical properties, which can be applied as solid electrolyte for flexible high performance electronic devices with prominent safety features. Being a mechanically robust elastomeric material, this MR ionogel could also be considered as a novel MR elastomer that significantly broadens the application of this class of smart materials in sensor and actuator research.
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